Background
Introduction
Based on available epidemiological data, alcohol ingestion is shown to be carcinogenic to humans and causally related with liver, colorectal, female breast and upper aerodigestive tract (UADT) cancers [1] . Approximately 3.6% of all cancer-related cases and 3.5% of all cancer-related deaths worldwide are related to chronic alcohol drinking [2] . Alcohol in humans is oxidized to acetaldehyde, which interferes DNA synthesis and repair and consequently results in tumor development [3] .
Aldehyde dehydrogenase-2 (ALDH2) is expressed in the liver as well as gastrointestinal tract. It belongs to a low-Km mitochondrial ALDH and is the second enzyme to eliminate most of the acetaldehyde generated during alcohol metabolism in vivo [4] . Human ALDH2 gene is located on chromosome 12q24 and the polymorphisms of ALDH2 gene would affect the blood acetaldehyde concentrations after alcohol consumption [5] . The Glu504Lys polymorphism (also named Glu487Lys, or rs671 has been the most commonly studied [6] . The exact position of the variant is 457 of NP_001191818.1 and 504 of NP_000681.2. The glutamate of this polymorphism is corresponding to Ã1 allele, and lysine corresponding to Ã2 allele. Such a polymorphism (Glu to Lys, or G to A, or Ã1 to Ã2) was reported to have decreased activity of ALDH2 enzyme and cause much higher blood levels of acetaldehyde, which is highly prevalent among East Asians [7] .
Therefore, it is hypothesized that the genetic polymorphism in ALDH2 gene may be strongly correlated with the susceptibility to cancer, and a number of studies have investigated the association between ALDH2 Glu504Lys polymorphism and cancer risk. Most of the studies focused on esophageal cancer, followed by colorectal cancer, head and neck cancer, etc. In a meta-analysis by Yang et al [8] , ALDH2 504Lys allele was found to increase the risk of esophageal cancer at all levels of exposure to ethanol and acetaldehyde after drinking. On contrary, another meta-analysis by Zhao et al [9] showed reduced risk for colorectal cancer associated with ALDH2 504lys allele carriers. Considering the contradictory results of the previous studies on ALDH2 Glu504Lys polymorphism with different cancers, we conducted the present metaanalysis to evaluate the relation of ALDH2 Glu504Lys polymorphism with the overall cancer risk.
Materials and Methods

Search strategy
Publications were searched via the PubMed bibliographical database with the last update as of 30 April, 2014. The following keywords and MeSH terms were used: ["aldehyde dehydrogenase 2" or "ALDH2"] and ["polymorphism" or "genetic polymorphism" or "mutation" or "variation" or "variant" or "single nucleotide polymorphism" or "SNP"] and ["cancer" or "malignant tumor" or "malignant neoplasm"]. As a prerequisite, only studies published in English were identified. All eligible studies were retrieved and the full text of the articles was examined to make sure the data of interest were included. In addition, if multiple reports from the same patients were found, only the publication with the most complete data set was included. If more than one ethnic population or cancer type were included in one article, data were extracted separately for each ethnic population or cancer type whenever possible.
Inclusion and exclusion criteria
Studies that we identified were required to meet the following criteria: (1) study on the evaluation of the ALDH2 Glu504Lys polymorphism and cancer risk; (2) case-control study that used either population-or hospital-based designs; (3) study that contained complete information about all genotype frequency. Studies were excluded if they were case-only studies, review articles, or reports without usable data.
Extracted information
Two investigators (QC and JW) independently extracted the following information from all selected articles: first author, year of publication, country of origin, population ethnicity, study design (population-or hospital-based), cancer type, genotyping information (number of genotypes, genotype distribution in cases and controls). Ethnic backgrounds were categorized as Asian, African or Mixed (composed of different ethnic groups). Cancers of oral cavity, oropharynx, hypopharynx, larynx, esophagus and stomach were defined as upper aerodigestive tract (UADT) cancer [10] .
Statistical analysis
Before estimating the relationship between the ALDH2 Glu504Lys polymorphism and cancer risk, we tested whether the genotype frequencies of the controls were in Hardy-Weinberg equilibrium (HWE) using a χ 2 test (P>0.05) [11] .
The strength of the association between the ALDH2 Glu504Lys polymorphism and cancer risk was measured by odds ratios (ORs) with their 95% confidence intervals (95%CI). The statistical significance of pooled ORs was assessed by the Z-test. Heterogeneity was assessed by the I 2 statistic, which was documented for the percentage of the observed between-study variability due to heterogeneity rather than chance with the ranges of 0 to 100% [I 2 = 0-25%, no heterogeneity; I 2 = 25-50%, moderate heterogeneity; I 2 = 50-75%, large heterogeneity; I 2 = 75-100%, extreme heterogeneity] [12] . When the Q test was significant (P<0.05) or I 2 >50%, indicating the presence of heterogeneity, a random-effects model (the DerSimonian & Laird method) was used [13] ; otherwise, the fixed-effects model (the Mantel-Haenszel method) was used [14] . Sensitivity analysis was performed by excluding the studies that the genotype distribution in controls was not in HWE or which did not provide the three genotypes in controls to evaluate the stability of the results. Statistical analysis was conducted using the software Review Manager (V5.2) for Mac Os X.
Publication bias was evaluated by using the fail-safe number (N fs ) with the significance set at 0.05 for each meta-comparison. If the calculated N fs value was smaller than the number of observed studies, the result might run the risk of having publication bias. We calculated the N fs 0.05 according to the formula N fs 0.05 = (SZ/1.64) 2 -k, where k is the number of included articles [15] .
Results
Studies and population
Initially, we identified 164 related articles. The titles and abstracts of all articles were reviewed and 75 articles were excluded; full texts were also reviewed and 38 articles were further excluded. Finally, 51 case-control studies with a total of 16774 cases and 32060 controls were included in this meta-analysis. A diagram schematizing the selection process is presented in Fig. 1 . Cancers were confirmed pathologically or histologically in most articles. Because the studies of Miyasaka et al [16] and Li et al [17] each included separate analysis of two cancer types and population, we treated them separately. As shown in Table 1 , there are 53 case-control studies from 51 publications in the meta-analysis. The genotype distribution in the controls of all studies was in agreement with the HWE except for 11 studies, in 8 studies allele distributions were not in HWE [16] [17] [18] [19] [20] [21] [22] [23] and in 3 studies the P HWE values were not available [24] [25] [26] . The detailed characteristics of the studies are shown in the S1 Table. 
Pooled analysis
In the genotypic model, the comparison of Lys+ with Glu/Glu genotype generated a significant 20% increased cancer risk (OR = 1.20, 95%CI: 1.03-1.39, P = 0.02, I 2 = 92%; Table 2 , Fig. 2 ).
However, in the allelic model, comparison of Lys with Glu allele generated a non-significant [17, 23, 25, 33, 34, 62, 64] . We found individuals from Japan with the Lys+ genotypes had a significant 38% increased cancer risk (OR = 1.38, 95%CI: 1.12-1.71, P = 0.003, I 2 = 93%; Table 2 ). However, we did not observe any significant associations among China (Lys vs. Glu: OR = 0.97, 95%CI: 0.84-1.12, P = 0.66, I 2 = 83%; Lys+ vs. Glu/Glu: OR = 1.02, 95%CI: 0.83-1.26, P = 0.85, I 2 = 87%; Table 2 ) or other countries (Lys vs. Glu: OR = 0.99, 95%CI: 0.87-1.13, P = 0.93, I 2 = 33%; Lys+ vs. Glu/Glu: OR = 0.99, 95%CI: 0.86-1.13, P = 0.85, I 2 = 0%; Table 2 ).
In the view of study design, of which 21 were population-based [16] [17] [18] 21, 22, 25, 28, 29, 32, 35, 38, 39, 43, 44, 47, 51, 53, 54, 60] , 30 were hospital-based [19, 20, 23, 24, 26, 27, 30, 31, 33, 34, 36, 40, 42, 45, 46, [48] [49] [50] 52, [55] [56] [57] [58] [59] [61] [62] [63] [64] [65] [66] and 2 studies were conducted on both population-based and hospitalbased control group [37, 41] . The magnitude of association in population-based studies was significantly weakened for genotypic model (OR = 1.08, 95%CI: 0.90-1.29, P = 0.39, I 2 = 83%; Table 2 ). Meanwhile, the magnitude of association in hospital-based studies was not significantly changed (Lys vs. Glu: OR = 1.02, 95%CI: 0.91-1.14, P = 0.72, I 2 = 84%; Lys+ vs. Glu/Glu: OR = 1.23, 95%CI: 1.02-1.49, P = 0.03, I 2 = 91%; Table 2 ).
In order to control for the difference of sample size, we chose the size of 300 in both case and control groups as the cut-off, 17 studies were conducted with subjects >300 [20, 25, [27] [28] [29] 31, 33, [35] [36] [37] 42, 52, 54, [62] [63] [64] [65] . However, no significant association was found in either model ( Table 2) .
Test of heterogeneity
In the pooled analysis, we have found heterogeneities in allelic model comparison (Lys vs Glu: P heterogeneity <0.00001, I 2 = 86%) and genetic model comparison (Lys+ vs Glu/Glu: P heterogeneity <0.00001, I 2 = 92%). A random effects model was performed in these analyses.
Then we performed subgroup analysis based on cancer type, country, study design and sample size and assessed the source of heterogeneity for genetic model comparison (Lys+ vs Glu/Glu). As a result, cancer type (χ 2 = 10.05, df = 4, P = 0.04) and country (χ 2 = 7.18, df = 2, P = 0.03)
but not study design (χ 2 = 1.86, df = 2, P = 0.39) or sample size (χ 2 = 0.09, df = 1, P = 0.76)
were the significant sources of heterogeneity.
Sensitivity analysis and Publication bias
Influence analysis was conducted by repeating the meta-analysis while excluding the studies that were not in HWE or the P HWE values were not available. The estimated pooled odds ratio did not change, suggesting that the results are stable. Furthermore, when we conducted cancerspecific and size-specific sensitivity analyses, we found the magnitude of association in genotypic models was significantly strengthened in subgroup of colorectal cancer (OR = 0.85, 95%CI: 0.74-0.94, P = 0.02, I 2 = 23%; data not shown) and subjects <300 (OR = 1.23, 95%CI:
1.03-1.47, P = 0.02, I 2 = 80%; data not shown). Moreover, the estimated pooled odds ratio in other subgroups did not change, which suggested that the results of stratified analyses were also stable. Lastly, to assess publication bias, we calculated the fail-safe number (N fs ) at a significance level of 0.05 for each comparison. The N fs 0.05 values for the comparison of Lys versus Glu (N fs 0.05 = 2767), Lys+ versus Glu/Glu (N fs 0.05 = 4998) were greater than the number of studies included in the meta-analysis.
Discussion
To our knowledge, this is the first meta-analysis to evaluate the association between the Glu504Lys polymorphism of ALDH2 gene and the overall cancer risk. Our study suggests that individuals with the variant allele (504Lys) appear to be associated with an increased risk of cancer. Due to the prevalent of ALDH2 polymorphism in approximately half of East Asians but absent in Europeans and Africans [70] and possibility of population admixture that may potentially elevate type I error rate of association studies and lead to inconsistent results [71] , we further excluded mixed populations and restricted analyses to Asians. However, no substantial change was observed, which confirmed the positive result of initial overall analyses. Genome-wide association (GWA) studies had also been previously conducted on the association of ALDH2 gene with cancer risks. McKay et al [67] reported the increased UADT cancer risk with the minor allele of rs4767364 in Europeans, which is similar to the UADT cancer risk effect observed for heterozygote rs671 carriers in Asians. Their results implicated the variant at 12q24 in UADT cancer susceptibility. With an elaborative genome-wide gene-environment interaction analysis, Wu et al [68] found that the most significant interaction region was for variants at 12q24 harboring ALDH2 and a joint analysis showed that alcohol drinkers carrying both risk alleles of ALDH2 and ADH1B had the highest risk of ESCC. Furthermore, Ioannidis et al [69] provided an overview of GWA-identified genetic associations with solid tumors since 2007 and showed the association between esophageal cancer and genetic variant rs671 with a median odds ratio (OR) of 1.67 (interquartile range = 1.58-1.76). The results from these GWA studies and our meta-analysis collectively suggest the importance of ALDH2 polymorphism carrying the susceptibility of cancer risks. In the subgroup analysis by cancer type, significantly increased risk of UADT cancer with ALDH2 polymorphism was observed but no significant association was found among studies of other cancers (i.e., colorectal cancer, hepatocellular cancer, breast cancer, lung cancer and pancreatic cancer). In the UADT cancer subgroup, we further performed position-specific analyses and the results showed that individuals with the variant allele (504Lys) significantly increased 52% risk of esophageal cancer, 22% risk of head and neck cancer and 18% risk of gastric cancer. Some previous meta-analysis had reported the similarly elevated risks [72] [73] [74] . Furthermore, when we excluded the studies that were not in HWE or the P HWE values were not available, interestingly, we found the effect of variant allele (504Lys) on colorectal cancer was contrary to that on UADT cancer. Recently, Zhao et al [9] had reported a similar result and put forward a possible explanation that the unpleasant symptoms resulting from high blood acetaldehyde levels after alcohol consumption may prevent the individuals with the variant allele (504Lys) from consuming alcohol and may keep them from developing alcoholism thus they have much lower chance to expose to the carcinogen acetaldehyde. However, as we could not perform subgroup analysis according to drinkers and non-drinkers to clarify the alcohol-genotype interaction, it is not possible to know whether the role of Lys+ genotypes is protective or not.
In the general population, the variant 504Lys allele is prevalent in Northeast Asian individuals (approximately 45% of Japanese, 31% of Chinese, 29% of Koreans and 10% of Thais) [75] . After stratified by country, significantly increased overall cancer risk was found in Japanese. However, no significant association was found in Chinese and populations from other countries. It may be uncommon for the same polymorphism playing different roles in cancer susceptibility in the same ethnic population. Oze et al [76] had collected four studies and showed that the Glu504Lys polymorphism had strong effect modification with alcohol drinking and alcohol drinking would increase the risk of esophageal cancer in the Japanese population. Meanwhile, a similar meta-analysis conducted in Chinese Han population had reached a similar conclusion [77] . However, data from the present study indicated that no association of this polymorphism with the overall cancer risk in Chinese. In addition, we had searched for the studies from other parts of Asia, such as South Asia, West Asia, Middle Asia, etc, but no data was available so far.
Heterogeneity is a potential problem when interpreting the results of a meta-analysis, and identifying the sources of heterogeneity is one of the most important goals of meta-analysis. In the present study, significant between-study heterogeneity in the pooled analyses of all included studies was found in both allelic and genetic models. To find the sources of heterogeneity, we performed subgroup analyses stratified by cancer type, country, study design and sample size. Our results indicated that the sources of heterogeneity were from cancer type and country, suggesting that the results of cancer-specific and country-specific analysis were reliable. Furthermore, if the distribution of genotypes in the control groups were not in HWE, the results of the genetic association studies might be spurious. Hence, we performed sensitivity analysis by excluding the studies that were not in HWE or the P HWE values were not available. Except the cancer-specific analysis of colorectal cancer group and size-specific analysis of subject <300 group, the results were persistent and robust, suggesting that this factor had little effect on the overall estimates.
Despite the clear strength of our study including large sample sizes, some limitations of this meta-analysis should be mentioned. First, since the negative findings are usually difficult to get published or only published in some non-English journals, the ones that reported in other languages may bias the present results. Second, the present study was based on unadjusted ORs, and the confounding factors such as age may still bring some bias. Third, as the lack of sufficient original data, we could not conduct subgroup analysis according to drinking status that may influence the cancer risk. Forth, besides ALDH, activity of alcohol dehydrogenase (ADH) that is responsible for oxidation of ethanol to acetaldehyde can also play an important in the accumulation of acetaldehyde [3] ; therefore, further study is needed to assess the independent and combined effect of ADH and ALDH polymorphisms.
In conclusion, this meta-analysis indicated that the Glu504Lys polymorphism of ALDH2 gene is a candidate for susceptibility to overall cancers, especially in esophageal cancer and among Japanese population. Moreover, due to the limitations mentioned above, well-designed studies taking into consideration of gene-gene and gene-environment interactions should be performed to confirm such associations.
Supporting Information S1 Table. Detailed information of studies included in ALDH2 Glu504Lys polymorphism and cancer risk. 
